Introduction
============

Alpers--Huttenlocher syndrome (AHS) is a mitochondrial disease that is part of a group of mitochondrial DNA (mtDNA)-maintenance syndromes. This group of mitochondrial disorders arises from disruption of mtDNA replication, which reduces the amount of mtDNA within the mitochondrion. The depletion of mtDNA ultimately compromises the energy-producing capabilities of the organelle and gives rise to cellular failure. Over the past few decades, the description of neuropathological, clinical presentation, biochemical, and genetic abnormalities has defined AHS as a distinct syndrome among the mtDNA-maintenance syndromes and other mitochondrial diseases.

Early findings defining Alpers--Huttenlocher syndrome
-----------------------------------------------------

The eponym of Alpers disease was coined by Blackwood et al, based on the review of five new cases and the clinical and neuropathological findings of case reports by Alpers and Morse.[@b1-jmdh-9-323]--[@b3-jmdh-9-323] In the Blackwood et al report, two siblings of the five reported cases also had liver cirrhosis with episodes of epilepsia partialis continua (EPC).[@b1-jmdh-9-323],[@b3-jmdh-9-323] In a larger series of neuropathological and clinical findings reported by Harding, the close homogeneity of findings involving the cerebral cortex and patchy thinning with striking predilection for the striate cortex was confirmed to resemble the two siblings in the case series by Blackwood et al.[@b1-jmdh-9-323],[@b4-jmdh-9-323] In this latter series of 32 patients, clinically the early development was normal, as were the two patients reported by Blackwood et al.[@b1-jmdh-9-323] Seizures often heralded the disorder, but in some they occurred with the insidious onset of cognitive and motor delays, difficult weight gain, unexplained bouts of emesis, and pronounced hypotonia. In all, with seizure onset the course of the disease rapidly progressed. Onset of liver involvement varied, with some preceding seizure onset, while in others it was only seen at the end of the clinical course and some had no overt liver findings.

Blackwood et al reported two cases within a single family who had the neuropathological features of AHS and liver involvement of portal proliferation and fibrosis.[@b1-jmdh-9-323] Huttenlocher et al described eight patients with a distinct form of hepatocerebral degeneration, with neuropathological findings demonstrating the degeneration of the cerebral gray matter of AHS.[@b5-jmdh-9-323] The liver findings were described as cirrhosis or sub-acute hepatitis with superimposed fatty infiltration of hepatocytes.[@b5-jmdh-9-323] Huttenlocher et al also described increased cerebral spinal fluid protein levels and possible autosomal-recessive inheritance. Although patient findings were not first described by Huttenlocher, the series he reported eventually tied his name to the syndrome.

The first suggestion of a possible mitochondrial abnormality was described in 1972. Sandbank and Lerman described large disorganized perinuclear mitochondria within neurons of a 15-month old who died from an episode status epilepticus.[@b6-jmdh-9-323] This young girl was a previously healthy 3 month old who developed a upper respiratory infection and subsequent progressive epilepsy with cognitive involvement.[@b6-jmdh-9-323] It took over 2 decades for the biochemical and genetic underpinnings of AHS to be fully described. In 1996, the mtDNA replicase *POLG* was cloned.[@b7-jmdh-9-323],[@b8-jmdh-9-323] The initial biochemical evidence that *POLG* dysfunction leading to mtDNA depletion caused AHS was described in 1999.[@b9-jmdh-9-323] This description was of a young boy who developed ataxia at 19 months of age with a progressive but episodic course of decline that finally ended with liver failure and death. He was found to have both mtDNA depletion less than 30% of control levels in muscle and liver of mtDNA and POLG activity that was not detectable by assay.[@b9-jmdh-9-323] Then, in 2004 Naviaux and Nguyen described pathological mutations in *POLG* responsible for the phenotype of AHS.[@b10-jmdh-9-323] These latter studies closed the loop of neuropathological, clinical phenotype, biochemical abnormality, and genetic etiology of AHS.

Alpers--Huttenlocher syndrome and the phenotypes of POLG diseases
-----------------------------------------------------------------

To date, there have been more than 200 mutations documented in *POLG*-producing mitochondrial diseases that vary in age of onset, inheritance pattern, and range of organ involvement.[@b11-jmdh-9-323]--[@b13-jmdh-9-323] *POLG*-related disorders are a heterogeneous group of mitochondrial diseases that evolve over time and have overlapping spectra of signs and symptoms. *POLG* disease can be inherited in an autosomal-recessive or autosomal-dominant manner. The autosomal-dominant disorders always present in the adult years.[@b14-jmdh-9-323] Phenotypically, the dominant diseases always express external ophthalmoplegia, and were the first disorders proven to be due to mutations in *POLG*.[@b15-jmdh-9-323] Autosomal-recessive disorders present throughout the life span, and compromise the predominant phenotypes of *POLG* disease ([Table 1](#t1-jmdh-9-323){ref-type="table"}). The phenotypic expression and timing of the recessive disorders are quite variable at onset and progression of disease unpredictable. However, given a tincture of time for full expression of the phenotype, there are a collection of findings that are fairly consistent and fall into distinct syndromes.[@b12-jmdh-9-323],[@b13-jmdh-9-323],[@b16-jmdh-9-323]--[@b26-jmdh-9-323] However, many patients have a range of phenotypic expression that cannot be classified as one of the *POLG* syndromes ([Table 1](#t1-jmdh-9-323){ref-type="table"}) or have been diagnosed early in the course of their disease and have been classified with ataxic neuropathy spectrum or mitochondrial-recessive ataxic syndrome.[@b16-jmdh-9-323],[@b27-jmdh-9-323] Some authors have used the term "*POLG*-related diseases" to describe the range of *POLG* disorders.[@b28-jmdh-9-323]

Two of the early onset *POLG* syndromes -- myocerebrohepatopathy spectrum (MCHS) disorders and AHS -- have overlapping symptoms but distinct differences. MCHS disorders are the rarest of *POLG* disorders. Onset is early, mostly during the first few months of life with a median of 1 year, and progression to death is rapid.[@b12-jmdh-9-323],[@b16-jmdh-9-323] The primary features are encephalopathy, pronounced myopathy, and liver dysfunction. Liver involvement is often the most devastating in MCHS.[@b17-jmdh-9-323] The pathological liver findings are distinct from that described in AHS.[@b29-jmdh-9-323] Gastrointestinal (GI) dysmotility is often seen earlier than other *POLG* and mitochondrial diseases. Other features of MCHS are seizures (variably present), myoclonus, neuropathy, renal tubular dysfunction, sensorineural hearing loss, pancreatitis, and respiratory chain defects.[@b12-jmdh-9-323],[@b16-jmdh-9-323],[@b17-jmdh-9-323],[@b30-jmdh-9-323] What distinguishes MCHS from AHS is the earlier onset of symptoms, pathological liver findings, more severe myopathy, and milder seizures and myoclonus.[@b16-jmdh-9-323],[@b17-jmdh-9-323],[@b29-jmdh-9-323] The progression of AHS is more prolonged, with a stepwise progression of disease involvement.[@b9-jmdh-9-323],[@b31-jmdh-9-323]

Pathophysiology of Alpers--Huttenlocher syndrome
------------------------------------------------

AHS is an autosomal-recessive disorder induced by mutation in the sole mtDNA polymerase -- *POLG*. To date, homozygous dominantly inherited mutations have not been reported, nor have compound heterozygotes containing one dominant and one recessive inherited mutation been described in *POLG* disease(s). Since both copies of *POLG* are expressed in mammalian cells, the latter mutation combinations are likely embryonically lethal with a single wild-type *POLG* allele sufficient to avoid disease.[@b32-jmdh-9-323] Mutations in AHS can be found as homozygous recessive or as compound heterozygotes in *trans*. Homozygous recessive mutations most often produce the milder and latter onset phenotype, while patients with compound heterozygote mutations present earlier and have severe and more progressive disease.[@b33-jmdh-9-323],[@b34-jmdh-9-323] However, there are exceptions where identical homozygous mutations can lead to severe disease presenting early in life in one patient and a milder disease in another patient.[@b16-jmdh-9-323],[@b20-jmdh-9-323] Similarly, identical heterozygous mutations can lead to mild disease in one patient and severe disease in another.[@b16-jmdh-9-323],[@b20-jmdh-9-323] The reasons for the difference in presentation onset and severity of disease are unclear.

POLG is responsible for mtDNA replication and repair.[@b35-jmdh-9-323] The protein is part of the mitochondrial trimer replicase composed of the 140 kDa catalytic (α) subunit of the mtDNA POLG and two 55 kDa accessory (β) subunits (POLG2). Both of the proteins are synthesized from nuclear genes, transcribed in the cytoplasm, and transported into the mitochondrion, and associate with other nuclear-encoded proteins along the inner mitochondrial membrane to form the replisome. The POLG protein has three functional domains ([Figure 1](#f1-jmdh-9-323){ref-type="fig"}). The amino terminal contains the 3′--5′ proofreading exonuclease. The middle third region is the linker domain and the binding site for one POLG2 protein. When bound to POLG, the POLG2 protein enhances the DNA-binding affinity of the holoenzyme.[@b36-jmdh-9-323] The carboxyl-terminal end of the protein contains the 5′--3′-polymerase activity and 5′-deoxyribose phosphate lyase activity. The second binding site of the POLG2 protein makes limited contact with POLG at the distal accessory site and enhances the polymerization rate of the holoenzyme.[@b36-jmdh-9-323],[@b37-jmdh-9-323] There are three highly conserved sequence motifs within the exonuclease region (I, II, and III) and three within the polymerase region (A, B, and C), which are essential for full enzyme activity.[@b14-jmdh-9-323],[@b17-jmdh-9-323] There are two conserved sequence motifs within the linker region: one is the POLG2-binding site, and the second site an intrinsic processivity domain. Both motifs are required for full processivity ([Figure 1](#f1-jmdh-9-323){ref-type="fig"}; AID \[accessory-interacting determinant\] and IP \[intrinsic processivity\]). Processivity is the average number of nucleotides added by the enzyme per association/disassociation with the template DNA.[@b37-jmdh-9-323] Interestingly, even with the intimate relationship of POLG and POLG2 needed for optimal activity, to date no mutation in *POLG2* has been shown to induce AHS. The replisome complex is also made up of a helicase PEO1 (Twinkle) single-stranded DNA-binding protein and an ill-defined number of accessory proteins and transcription factors.[@b14-jmdh-9-323]

Although AHS is associated with mutations in *POLG*, there are no universal mutations that exclusively give rise to disease. Over 60 mutations in *POLG* are known to cause AHS, both homozygous and compound heterozygous mutations.[@b11-jmdh-9-323] One would assume that compound heterozygous mutations would compromise POLG function more than homozygous mutations, due to synergic depression of function. Indeed, certain mutation combinations induce worse disease with earlier onset of symptoms.[@b38-jmdh-9-323] The most common finding is a patient with compound mutations involving the linker region p.A467T/p.W748S and a mutation in a polymerase region. Mutations found in the latter region are associated with decreased survival and increased incidence of liver failure, compared to homozygous mutations p.A467T and p.W748S.[@b19-jmdh-9-323],[@b39-jmdh-9-323],[@b40-jmdh-9-323] Unexpectedly, some compound mutations are found in the milder juvenile-onset form of AHS, while homozygous mutations in the linker region can be found in the more severe childhood onset of AHS. Therefore, although the combinations of mutations within distinct regions of *POLG* likely dictate a part of the phenotypic expression, other unknown mechanisms are also involved.

AHS is classified as an mtDNA-depletion syndrome; however, the actual mtDNA copy number in liver and muscle is in the normal range in more than 70% of the patients at the first onset of symptoms. As the disease progresses, mtDNA depletion becomes pronounced, with levels \<35% of normal in liver and brain and eventually muscle.[@b41-jmdh-9-323] In contrast, the enzyme activity of POLG is less than 10% of control values in most tissues throughout life.[@b34-jmdh-9-323] This basis for early onset of symptoms in the presence of normal mtDNA levels and the tissue bias in the presence of universally decreased enzyme activity is not known. Early on in the course of the disease, involvement of the respiratory chain is not specific, and even later in the course of the disease the respiratory chain complexes may have normal activity or variable deficiencies, ranging from a single complex to multiple complexes.[@b18-jmdh-9-323],[@b29-jmdh-9-323],[@b34-jmdh-9-323],[@b42-jmdh-9-323] The insensitivity of mtDNA depletion and respiratory chain assays make early diagnoses based on clinical suspicion, constellation of symptoms, and genetic testing.

Clinical features of Alpers--Huttenlocher syndrome
--------------------------------------------------

The overall prevalence of AHS is estimated to be approximately 1:100,000 live births. However, due to the varying degrees of phenotypic expression, inconsistent times of onset, unpredictable onset of progression of first to second symptom, and environmental influence of disease onset, an accurate estimate of prevalence cannot be made. Clinically, it is the constellations of findings, not the sequence of signs and symptoms, that dictate the diagnosis of AHS.

The hallmark clinical features of AHS include the triad of seizures, developmental delay, and liver dysfunction, and when combined with two of eleven other clinical or laboratory findings, constitutes the clinical diagnosis ([Table 2](#t2-jmdh-9-323){ref-type="table"}). The most variable clinical findings are the age of liver involvement and age of death.[@b9-jmdh-9-323],[@b10-jmdh-9-323],[@b20-jmdh-9-323],[@b42-jmdh-9-323] Unfortunately, what is invariant is the fatal outcome. The age of onset is bimodal, with peaks at 2--4 years (range 3 months to 8 years) and 17--24 years (range 10--27 years).[@b4-jmdh-9-323],[@b10-jmdh-9-323],[@b20-jmdh-9-323]--[@b22-jmdh-9-323],[@b30-jmdh-9-323],[@b43-jmdh-9-323] Infants, children, and young adults are healthy at birth and mostly develop normally until disease onset.

Environmental factors, such as infections, can influence the presentation of AHS. In one series, 12 of 15 children who had confirmed *POLG* mutations presented with their first symptoms within 3--10 days of an intercurrent infection.[@b29-jmdh-9-323] The frequency of infections is not greater in patients with AHS, but the sequelae can be, although not always more severe. Viral infections seem to be more exacerbating of disease than bacterial infections. This may be connected to the evolving central role that mitochondria play in innate immunity.[@b44-jmdh-9-323] The infection does not cause AHS, but can uncover or trigger the disease in a child/young adult with *POLG* mutations who was previously healthy or exacerbate the stepwise progression of this disorder.

The typical age of onset in childhood is 2--4 years of age. Children usually have uneventful pregnancy and delivery, and normal early development until the onset of their illness. A minority of children may have varying degrees of "developmental delay" prior to onset of symptoms, but it is not clear if the delay is part of the *POLG* defect. Typically, survival ranges from a few months to 10--12 years after onset of symptoms.[@b41-jmdh-9-323] The younger the onset, the shorter the life span, with few children diagnosed at 2--5 years living beyond their teens.

The typical age of juvenile AHS is 17--24 years of age, and as with childhood onset, early development is normal. In the approximately 30 patients described in the literature, none had an onset associated with an illness.[@b19-jmdh-9-323]--[@b22-jmdh-9-323],[@b43-jmdh-9-323],[@b45-jmdh-9-323]--[@b47-jmdh-9-323] Survival was much longer in this group, with some patients living into the fifth decade.[@b19-jmdh-9-323]

Multidisciplinary approaches to care
====================================

AHS is a multisystem disease that usually progresses in a stepwise fashion, with indeterminate time between periods of degeneration of organ function. It is not clear why brain, liver, and musculoskeletal systems are preferentially involved, but these are high-energy-demanding systems. However, in the Seattle cohort and literature, many patients have other organ involvement, eg, psychiatric, GI, cardiac, and pregnancy/delivery ([Table 3](#t3-jmdh-9-323){ref-type="table"}). Due to such a diversity of potential medical problems, having one overseer in the medical care team is essential. Unfortunately, treatment of AHS is limited to symptom management and supportive care. It is essential to emphasize and address quality-of-life issues and the intensity of treatment modalities. As this disease is relentless in progression, the family needs to accept the diagnosis, which varies between families. Once this happens, the family/caregivers need to be involved in the option for supportive care, which can be offered or withheld.

Childhood onset
---------------

Seizures are the initial clinical manifestation in approximately 50% of affected patients. There is no uniform seizure semiology that predominates, but the most common are focal seizures that may or may not be generalized and are parietal-occipital in location on the electroencephalography (EEG).[@b20-jmdh-9-323],[@b47-jmdh-9-323] As the disease progresses, most will develop simple sensory focal status epilepticus, EPC, and generalized motor status epilepticus.[@b20-jmdh-9-323],[@b46-jmdh-9-323],[@b47-jmdh-9-323] EPC is a motor seizure that involves only one part of the body, such as the hand, face, or arm, with a constant and repetitive clonic movement that may continue for hours to days with or without loss of sensorium or level of consciousness. A mistake can be made by the clinician by not considering they may be nonepileptic in origin. Clinical acumen is often needed when symptoms are more subtle. This can be sorted out with video-EEG studies. Most simple sensory status epilepticus manifestations are visual field changes.[@b47-jmdh-9-323] However, other types of sensory abnormalities can occur: in the Seattle cohort, the author had a 3-year-old who had ictal hallucinations of seeing a spider on the walls that lasted for hours.[@b20-jmdh-9-323]

As the disease progresses, the findings on EEG change in location and can become more generalized in distribution.[@b20-jmdh-9-323] Early in the course of the disease, seizures may be well controlled with medication management; we found lamotrigine to be efficacious in seizure management, but other sodium-channel blockers may also be good choices.[@b19-jmdh-9-323],[@b20-jmdh-9-323] Overtime, some benefit can be seen using sodium channel-blocking medication with a benzodiazepine.[@b47-jmdh-9-323] However, as the disorder progresses, most patients become intractable to medical management. There is variability, as some patients present with status epilepticus and remain resistant to treatment from the onset. We have found that during episodes of status epilepticus, most patients need to be placed in a medically induced coma and slowly brought out of the coma based on EEG findings. As the disorder progresses and other organs become compromised, decisions about treatment for status epilepticus need to be fully discussed with the family, palliative care team, and providers. Myoclonus and myoclonic seizures become predominant in many patients, as well as "minor motor" seizures. Quality-of-life issues concerning persistent myoclonus treatment may include botulinum toxin (Botox) injections.

It is tempting for the treating neurologist to use valproic acid as the seizure events become resistant to other medications. For unclear reasons, exposure to valproic acid induces liver dysfunction, and in the majority of patients liver failure can occur within 6--16 weeks of starting therapy.[@b10-jmdh-9-323],[@b16-jmdh-9-323],[@b19-jmdh-9-323],[@b20-jmdh-9-323],[@b27-jmdh-9-323],[@b29-jmdh-9-323],[@b46-jmdh-9-323],[@b47-jmdh-9-323] Valproic acid should be avoided in this population, and if AHS is suspected, *POLG* sequencing should be obtained.[@b20-jmdh-9-323]

Juvenile onset
--------------

In the 13 defined juvenile AHS patients, seven presented with migraine-like headache with visual changes.[@b20-jmdh-9-323]--[@b22-jmdh-9-323],[@b43-jmdh-9-323],[@b48-jmdh-9-323] Not clearly defined as juvenile AHS, another eight of 22 presented with headache.[@b17-jmdh-9-323],[@b19-jmdh-9-323],[@b24-jmdh-9-323] Seizure was the presenting sign in eleven of 35 patients.[@b17-jmdh-9-323],[@b19-jmdh-9-323],[@b24-jmdh-9-323] Similarly to childhood onset, seizures can be explosive in onset, status epilepticus, or more easily controlled seizures with onset. Findings on the EEG are similar to childhood AHS; parieto-occipital lobe predilection during the early periods of the disorder.[@b20-jmdh-9-323],[@b47-jmdh-9-323] Over time, seizures become the most obvious symptom of juvenile AHS, as with childhood AHS. Treatment remains similar between both childhood and juvenile onset.[@b20-jmdh-9-323],[@b47-jmdh-9-323] Congruently with childhood AHS, the onset of seizures may herald a progressive decline, with death occurring within an average of 8 years.[@b47-jmdh-9-323] In another study, Kaplan--Meier survival curves indicated that some patients, even with seizures, can live into the fifth decade, showing the variability of this disorder.[@b19-jmdh-9-323]

Common childhood and juvenile Alpers--Huttenlocher syndrome symptoms
--------------------------------------------------------------------

### Central and peripheral nervous systems

Most patients are initially healthy without symptoms before disease onset, but some can demonstrate nonspecific neurologic features of clumsiness, headache, progressive ataxia, hypoglycemia episodes, or mild medically controlled seizures before explosive onset.[@b19-jmdh-9-323]--[@b21-jmdh-9-323],[@b24-jmdh-9-323] Headaches are common. Most headaches would be considered migraines with visual alterations: visual field changes, flashing light or flickering, and actual visual hallucinations. The visual changes reflect the early visual cortex involvement.[@b20-jmdh-9-323],[@b47-jmdh-9-323] Treatment should not include long-term use of acetaminophen, as this medication is a strong oxidant and removes reduced glutathione from cells, such as in the liver. Whether this could actually play a part in liver dysfunction has not been proven, but certainly based on mechanism of action could be worrisome.

The gray-matter involvement found in AHS also affects the deep gray structures, leading to abnormal involuntary movements. Myoclonus and choreoathetosis are the most common movements found in AHS. Choreoathetosis is a writhing movement involving small or large joints. Myoclonus are rapid single jerking movements that are not correlated with EEG changes, and can be difficult to distinguish from motor tics or EPC.[@b49-jmdh-9-323] Both of these types of movements are difficult to treat. Myoclonus can be so frequent that it is disabling and alters quality of life.

Severe neuronal cell loss in the calcarine and striate cortices eventually manifests as cortical blindness. Visual loss may be initially transitory, but as the disease progresses, if the patient lives long enough, it becomes complete. Visually evoked potentials are typically abnormal, with normal retinal exams.[@b24-jmdh-9-323],[@b50-jmdh-9-323] Optic atrophy is very common in AHS, but may be difficult to validate due to ongoing dementia.

Ataxia is very common if the disease process is not too rapid or the corticospinal tract involvement masks the evaluation for ataxia.[@b19-jmdh-9-323],[@b20-jmdh-9-323],[@b23-jmdh-9-323] Sensory neuropathy is extremely common, with one study of older patients with *POLG* disease demonstrating 100% of patients had abnormal nerve conduction.[@b28-jmdh-9-323] In the younger child, clinical neuropathy will present as distal weakness and loss of muscle-stretch reflexes, with evolution to larger proximal muscle and tendon reflexes as the disease progresses. Sensory neuropathy first presents as loss of position sensation, which may appear as limb ataxia. The distinguishing finding between sensory neuropathy-induced ataxia and cerebellar ataxia is position sense, which is very difficult to test in young children. Formal nerve-conduction testing is often not performed due to age. However, given the abnormal nerve conduction findings in the adult population, it is likely that if formally tested, most all children would eventually have similar abnormalities in conduction.

Spastic paraparesis evolves over months to years as the disease progresses, due to destruction of the cerebral cortex. Both physical and occupational therapy can be very helpful in managing spasticity. To help with ambulation, proper wheelchair management is vital for families. The use of antispasticity medication may be helpful, and discussions with the team that manages spasticity would be of great help for quality-of-life issues.

The onset of cognitive impairment is variable, but seems to be parallel to seizures and seizure severity. A rapid loss of cognition often occurs with infection, and clinically can include persistent somnolence and loss of receptive and expressive language and normal emotional responses, as well as increased irritability. The increased use of seizure medications can compound the losses if infection also exacerbates seizures.

Anxiety and depression can occur at any stage of the disorder, and in one study were found in \>40%.[@b28-jmdh-9-323] In the Seattle cohort, one juvenile AHS patient required psychiatric care and eventually medication for her anxiety. She also developed what was eventually diagnosed as paroxysmal nonepileptic events during her anxiety attacks, based on video-EEG studies. This points out the need to validate actual seizures, and in some cases video-EEG studies are needed to sort out true seizures. In our patient, she continued to get increased seizure medications when she came to our emergency department, and it was not until we captured her events on video EEG that we realized the events were nonepileptic.

Gastrointestinal system
-----------------------

### Liver involvement

Severe liver dysfunction has been a defining feature of AHS.[@b1-jmdh-9-323],[@b4-jmdh-9-323],[@b5-jmdh-9-323],[@b10-jmdh-9-323],[@b20-jmdh-9-323],[@b29-jmdh-9-323] However, the use of valproic acid has influenced the modern-day conception of AHS, as almost all patients exposed to valproic acid exposure develop liver dysfunction, leading to liver failure and ultimate demise of the patient.[@b10-jmdh-9-323],[@b20-jmdh-9-323],[@b29-jmdh-9-323],[@b46-jmdh-9-323],[@b51-jmdh-9-323] Before valproic acid was available, autopsy studies identified the liver changes that accompanied many but not all patients with AHS. Still, hepatotoxicity was defining and present, even without frank liver failure or valproic acid exposure.[@b1-jmdh-9-323],[@b5-jmdh-9-323] Liver pathology remains identical in those patients exposed to and those not exposed to valproic acid.[@b4-jmdh-9-323],[@b29-jmdh-9-323],[@b52-jmdh-9-323],[@b53-jmdh-9-323] Nguyen et al developed criteria for liver involvement that is independent of valproic acid exposure ([Table 4](#t4-jmdh-9-323){ref-type="table"}).[@b29-jmdh-9-323] In patients who do not have AHS, the pathological features differ from other chemically induced or toxic exposure.[@b52-jmdh-9-323],[@b53-jmdh-9-323] In the author's personal experience, even patients with MCHS do not meet the Nguyen et al criteria for liver involvement. One patient with MCHS passed away from liver failure at 1 year of age. He had p.A143/p.R227W mutations, and biopsy of the liver showed steatosis and dense eosinophilic cytoplasm, and thus did not meet the Nguyen et al AHS criteria.

Hepatopathy is one of the clinical triad in diagnosis of AHS. However, hepatopathy may not be seen early, and varies in onset during the disease process, and if the child/adolescent dies early in the course of the disease, then proper diagnoses may be missed. A common early cause of death is status epilepticus.[@b19-jmdh-9-323],[@b47-jmdh-9-323] Utilization of the Nguyen et al criteria ([Tables 2](#t2-jmdh-9-323){ref-type="table"} and [4](#t4-jmdh-9-323){ref-type="table"}) or neuropathological investigation at autopsy should be used to confirm the diagnosis when there is no suggestion of liver involvement.

Fasting hypoglycemia can occur early in the course of AHS or at the end stage of AHS. Onset as early as the first year of life has been described with normal liver biopsy, as well as later in early life.[@b20-jmdh-9-323],[@b54-jmdh-9-323] It is not clear why these events resolve over time, but this may reflect secondary impairment of fatty oxidation and inadequate gluconeogenesis induced by liver immaturity.

Coagulopathies can be a problem as liver dysfunction becomes more prominent. Vitamin K-dependent clotting factor II, VII, IX, and X activities become compromised as hepatic biosynthesis declines. Bleeding issues during hospitalization need to be monitored closely. During intensive care visits, hepatic biosynthesis of anticoagulant proteins C and S or anti-thrombin III may produce prothrombosis of central line placement. Hematology consultations can be of value to control these issues.

### Gastrointestinal manifestations

GI dysfunction is a common finding in AHS. As the disease progresses, patients develop dysphagia, delayed gastric emptying, and intestinal dysmotility. Due to the need for proper nutrition, as symptoms develop, critical assessments by the nutritionist and gastroenterologist are needed. Dysphagia is very common, and due to poor muscle strength and bulbar reflexes, protection of the airway can be compromised. Swallow studies are needed to assess possible aspiration. Children will often require placement of a gastric tube for nutrition, with initial bolus feedings, and eventually require continuous feeding due to poor gastric and GI motility. The degree of GI involvement can be severe and even mimic the mtDNA depletion of mitochondrial neurogastrointestinal encephalopathy. Both disorders can demonstrate complete loss of the longitudinal muscularis propria external muscle layer.[@b31-jmdh-9-323],[@b55-jmdh-9-323] If the patient lives long enough, total parenteral nutrition maybe required.

Pancreatitis may also occur in AHS. A confounding factor is that valproic acid exposure can also give rise to pancreatitis.[@b56-jmdh-9-323] However, Harding described pancreatitis in patients without exposure to valproic acid, demonstrating AHS-induced organ dysfunction.[@b4-jmdh-9-323] A child with AHS with upper abdominal pain, emesis, fever, and very tender abdomen needs careful investigation for this possibility. The mechanism of AHS-induced pancreatitis remains unknown.

### Respiratory support

Both nutritional and respiratory support are the most important issues for the provider as neurological function degenerates. There is a wide range of ethical positions regarding the intensity of respiratory interventions in the US. Airway maintenance ranges from full ventilator support to less invasive partial external treatments, eg, bilevel-positive airway pressure. As the myopathy progresses, the pharynx and chest wall weakens, which alters the ability to clear secretions and properly remove carbon dioxide. Acutely, respiratory infections can increase the workload of the chest-wall muscles, and respiratory function can spiral downward. Short-term ventilator support until the infections resolve may be needed. Less invasive modalities, such as bilevel-positive airway pressure, or respiration vests, such as the biphasic cuirass ventilation system, or other devices can be considered instead of tracheal intubation with mechanical ventilation. The use of such devices allows the respiratory muscles to rest during the infection process. We need to learn more about how conserving mitochondrial overwork can limit further dysfunction and improve quality and quantity of life. As the disease progresses, the loss of central respiratory drive due to cortical injury and progression of myopathy can combine or separately induce obstructive and/or central apnea. Apnea can result in hypoventilation and hypercarbia, with resulting encephalopathy and sleep awakenings that can worsen inattention, increase irritability and aggravate memory loss. Referral to a sleep specialist for polysomnography and options for intervention can be helpful. Ethically, we as providers want what increases quality of life without artificially extending intolerable aspects of dying. As the need for intervention becomes more invasive, an open conversation with palliative care, hospice, physicians, and family needs to occur and likely be repeated as the disease worsens.

### Cardiac support

Cardiac myopathy is not well reported to occur in AHS, although in a review article cardiomyopathy was stated as occurring in 10%--20% of AHS patients, but late in the course of the disease.[@b41-jmdh-9-323] Typically, a dilated cardiomyopathy is found.[@b41-jmdh-9-323] However, cardiomyopathy must be rare early in the disease. In three large reviews, cardiomyopathy was found in only two of 97 patients.[@b16-jmdh-9-323],[@b39-jmdh-9-323],[@b49-jmdh-9-323] In the Seattle cohort, the author cared for a young girl with AHS due to compound heterozygote mutations p.W788S and p.R852C. She presented at age 3 years with focal seizures and noncompaction dilated cardiomyopathy. The seizures were initially controlled by seizure medications, but later became intractable to multiple medications. Her dilated cardiomyopathy was progressive, and within several years developed a sinus-node dysfunction with junctional escape rate in the 40 to 45 heart beats per minute range and severe ventricular function with left-bundle branch block. In consultation with our cardiologist, a cardiac resynchronization defibrillator pacemaker was implanted. She responded well to the pacemaker and her quality of life improved, with abilities to play and interact with her friends. Unfortunately, her seizures became more intractable, and during her last episode of status epilepticus, she developed severe sinus and ventricular tachycardia and her pacemaker induced pain with defibrillation. At that point, her parents withdrew care support; this patient was 7 years of age.

The author's patient represents the variability in the range of onset of clinical findings, as well as the breadth of organ involvement. The combination of status epilepticus and cardiac rhythm abnormalities induced her demise. On autopsy, the liver expressed only microvesicular steatosis. We think that her early death in the course of her disease progression was likely the reason for the lack of full liver involvement. However, she did meet the Nguyen et al criteria for AHS.

### Pregnancy management

Pregnancy and delivery have not been described in the literature. In the Seattle cohort, the author had one patient with juvenile AHS who became pregnant unexpectedly at age 19 years. She was referred to a "high-risk" pregnancy clinic, as the stress of pregnancy could alter her disease course as well as create metabolic imbalance for fetal development. Prior to pregnancy, her seizures were controlled on dual therapy of lamotrigine and levetiracetam. Postpregnancy, we followed medication levels every 4 weeks and increased dosing to maintain prepregnancy levels of lamotrigine.[@b57-jmdh-9-323] Postpartum decrease in lamotrigine clearance is known, and we empirically reduced doses on days 3, 7, and 10 with a return to prepregnancy dosing.[@b58-jmdh-9-323] A single possible seizure occurred during the second trimester, but it was uncertain if a dose was missed. We obtained liver-function results (prothrombin time/international normalized ratio, partial thromboplastin time, ammonia) and fasting glucose levels to follow possible liver involvement (which she did not have prior to pregnancy). The high-risk pregnancy service followed her during the pregnancy with repeated ultrasounds, routine clinical visits, and physiological fetal testing. Delivery was at 39 weeks; she received an epidural for anesthesia and delivered without problems. The baby was born with Apgar scores of 8 and 9 at 5 and 10 minutes respectively, and did not have any problems postdelivery. She and the baby left the hospital within 2 days of delivery. Genetic testing was performed on the father during the pregnancy, and he was found not to carry *POLG* pathological mutations.

### Palliative care/hospice care

Involvement of palliative care/hospice care services is essential. Early in the course of the disorder, rehabilitation medicine and GI and respiratory services are important for care and treatment of GI tubes, ventilator support, and therapies. However, a global perspective of care to maximize quality of life should involve palliative care early in the course of the disorder. "Quality of life" varies between ethnic, religious, personal, and community standards, and is thus very subjective. Open discussion concerning the issues and feelings of the family needs to be addressed by the caring "team", together with the family, palliative/hospice team, and if needed an ethicist.

### Surveillance

The varying presentation and range of possible organ involvement demands individualized patient assessment of disease progression. A coordinated team approach to care is needed, and requires a "medical home" involving the primary care physician and mitochondrial neurologist/mitochondrial medicine specialist. Communication among the various providers is essential for proper care of the patient. If possible, other physicians may need to be involved, such as emergency room physicians at local hospitals, hospitalists who work at local and tertiary hospitals, and anesthesiologists for designated procedures. In particular, management of the major disease-triad disorders needs to be monitored closely for ongoing progression of disease. However, monitoring of other system involvement is critical to overall care and to maximize quality of life.

Conclusion
==========

AHS is an autosomal-recessive disorder induced by mutations in the *POLG* gene. There is no precise phenotype--genotype known to exist. The pathophysiology of the disorder results from the depletion of mtDNA and is influenced by multiple environmental factors, in particular viral infections and medication exposure. Our complete understanding of the expression of the complete triad of intractable seizures, psychomotor regression, and liver dysfunction in a particular patient remains obscure. Other organ involvement is usually found, which can be influenced by age of onset. Like most mitochondrial disease, expression of phenotype is not dependent on the sequence of clinical findings but the constellation of symptoms. What confounds the expression of the phenotype of AHS is the severe progression of seizures, which may be the presenting symptom as status epilepticus or appear more gradually with early medication control, but gradually becomes medically intractable. Multiple episodes of status epilepticus and/or EPC are likely to occur. Many patients do not recover in episodes of status epilepticus, which can truncate the full expression of the disease. The use of the Nguyen et al criteria can fully identify AHS in this latter population of patients.[@b29-jmdh-9-323]

The range of systemic involvement necessitates the collaborative effort of multiple specialties. As the disease progresses, the depth of invasive treatment requires proper communication among the medical team, family, and palliative care. The makeup of the medical team depends on the range of systemic involvement. Open dialogue is needed to protect quality of life and family/patient wishes. Unfortunately, AHS is a progressive lethal disorder. Therefore, the balance of family wishes and extent of medical intervention will be a changing target for the medical team.

The author wishes to thank the patients and their families who allowed him to be part of the medication care team. The author received funding from the National Institutes of Health (1U54NS078059-01).
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![Functional and structural domains of the polymerase-γ protein.\
**Notes:** The N-terminal domain (TD) comprises the targeting sequence for the protein to be transported into the mitochondrion. There are two thumb regions (T) that separate the endonuclease and polymerase regions from the linker region. The exonuclease domain has three essential motifs (I, II, III) needed for full activity. The polymerase region contains one thumb region (T) and the palm (two motifs) and finger, which contain regions A, B, and C. These motifs are needed for complete and optimal functioning of the protein. The arrows point to the amino acid that begins the subdomains.\
**Abbreviations:** AID, accessory-interacting determinant; IP, intrinsic processivity.](jmdh-9-323Fig1){#f1-jmdh-9-323}

###### 

Major *POLG* clinical syndromes

  Age of onset                 Syndrome
  ---------------------------- ------------------------------------------------------------------------------------------------------------
  Neonatal/infancy             Myocerebrohepatopathy spectrum (MCHS)[@b17-jmdh-9-323],[@b18-jmdh-9-323]
  Infancy/childhood/juvenile   Alpers--Huttenlocher syndrome (AHS)[@b10-jmdh-9-323],[@b19-jmdh-9-323]--[@b21-jmdh-9-323]
  Adolescent                   Myoclonus, epilepsy, myopathy, sensory ataxia (MEMSA)[@b23-jmdh-9-323]
  Adolescent/young adult       Ataxia neuropathy spectrum (ANS)[@b24-jmdh-9-323]
  Adult/elderly                
  Adult                        Sensory ataxia, neuropathy with dysarthria, and ophthalmoplegia (SANDO)[@b25-jmdh-9-323],[@b26-jmdh-9-323]
  Adult                        Autosomal-recessive progressive external ophthalmoparesis (arPEO)[@b15-jmdh-9-323]
  Adult                        Autosomal-dominant progressive external ophthalmoparesis (adPEO)[@b15-jmdh-9-323]

###### 

Diagnostic criteria for the clinical diagnosis of Alpers--Huttenlocher syndrome

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  1\. Clinical triad of medically refractory seizures, psychomotor regression, and hepatopathy. However, in the absence of hepatopathy or additional findings:
   a. Diagnosis can only be confirmed either by *POLG* sequencing, liver biopsy, or postmortem examination
  2\. Additional clinical findings (at least two findings must be present from):
   a. cerebral volume loss (central more than cortical with ventriculomegaly) on repeated magnetic resonance imaging or computed tomography
   b. cranial proton magnetic resonance spectroscopy indicating reduced *N*-acetyl aspartate, normal creatine, and elevated lactate
   c. elevated cerebrospinal fluid protein (\>100 mg/dL)
   d. at least one electroencephalogram revealing multifocal paroxysmal activity with high-amplitude δ-slowing (200--1,000 μV) and spikes/polyspikes (10--100 μV, 12--25 Hz)
   e. cortical blindness or optic atrophy
   f. abnormal visually evoked potentials and normal electroretinogram findings
   g. isolated complex IV or a combination of complex I, III, and IV electron-transport chain defects (≤20% of normal) upon liver respiratory chain testing
   h. quantitative mitochondrial DNA depletion in skeletal muscle or liver (35% of mean)
   i. elevated blood or cerebrospinal lactate (3 mM) on at least one occasion in the absence of acute liver failure
   j. deficiency in polymerase-γ enzymatic activity (≤10%) in skeletal muscle or liver
   k. a sibling confirmed as manifesting Alpers--Huttenlocher syndrome.
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Clinical features encountered in Alpers--Huttenlocher syndrome

  -----------------------------------------------------------
  Central nervous system
   Seizures
   Headache
   Vision Loss
   Movement disorders (myoclonus, dystonia, tremor, chorea)
   Ataxia: sensory neuropathy
  Ophthalmoplegia
  Ptosis
  Cognitive impairment
  Psychiatric symptoms (anxiety, depression)
  Respiratory
   Obstructive and central apnea
  Gastrointestinal
   Gastronintestinal dysmotility
  Dysphagia
   Liver failure
   Nutritional failure
  Musculoskeletal
   Muscle weakness
  Cardiac
   Cardiomyopathy
   Arrhythmia
  -----------------------------------------------------------

###### 

Specific histological features of Alpers--Huttenlocher syndrome

  ---------------------------------------------------------------------------------------------------------------------------------------------------------
  At least three of the features of hepatopathy necessary for diagnosis (Wilson disease excluded):
  1\. bile ductular proliferation
  2\. microvesicular steatosis
  3\. collapse of liver-cell plates
  4\. hepatocyte dropout of focal necrosis with or without portal inflammation
  5\. bridging fibrosis or cirrhosis
  6\. parenchymal disarray or disorganization of the normal lobular architecture
  7\. regenerative nodules
  8\. oncocytic change (mitochondrial proliferation associated with intensely eosinophilic cytoplasm) in scattered hepatocytes not affected by steatosis.
  ---------------------------------------------------------------------------------------------------------------------------------------------------------
